Dioxin and dioxin-related compounds have been associated with high incidences of pulmonary dysfunctions and/or cancers in humans. To evaluate the relative potencies of effects of these compounds, the National Toxicology Program completed a series of two-year bioassays which were conducted using female Harlan Sprague-Dawley rats. The rats were treated orally for up to 2 years with 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD), 3,3 ,4,4 ,5-pentachlorobiphenyl (PCB126), 2,3,4,7,8-pentachlorodibenzofuran (PeCDF), and a ternary mixture of TCDD, PCB126 and PeCDF. In addition to treatment-related effects reported in other organs, a variety of pulmonary lesions were observed that were related to exposure. Pulmonary CYP1A1-associated 7-ethoxyresorufin-O-deethylase (EROD) activity was increased in all dosed groups. The most common non-neoplastic lesions, which occurred in all studies, were bronchiolar metaplasia and squamous metaplasia of the alveolar epithelium. Cystic keratinizing epithelioma was the most commonly observed neoplasm which occurred in all studies. A low incidence of squamous cell carcinoma was associated only with PCB126 treatment. Potential mechanisms leading to altered differentiation and/or proliferation of bronchiolar and alveolar epithelia may be through CYP1A1 induction or disruption of retinoid metabolism.
INTRODUCTION
is commonly referred to as dioxin and certain polychlorinated dibenzodioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and coplanar polychlorinated biphenyls (PCBs) have the ability to bind to the aryl hydrocarbon receptor (AhR) and exhibit biologic actions similar to those of TCDD; they are commonly referred to as dioxin-like compounds (DLCs). They may induce developmental, endocrine, and immunological toxicity and multi-organ carcinogenicity in animals and/or humans (ATSDR, 1998 (ATSDR, , 2000 Bertazzi et al., 2001; Kociba et al., 1978; Steenland et al., 2001) . In particular, TCDD has been listed as a Group 1 carcinogen (carcinogenic to humans, non-genotoxic carcinogen) by the International Agency for Research on Cancer in 1997 (IARC Carcinogen classification on web: http://www.iarc.fr/ENG/Databases/index.php), while PCBs have been listed as a Group 2A carcinogen (probably carcinogenic to humans). Pulmonary cancer risks were found to be increased in individuals exposed to TCDD during the 20-year period following the "Seveso Accident" at a chemical plant in Seveso, Italy in 1976 (Bertazzi et al., 2001; Pesatori et al., 2003) . Also, increased pulmonary diseases and cancers were seen in several cohorts exposed either accidentally or occupationally to dioxins (Zober et al., 1994 (Zober et al., , 1997 (Zober et al., ,1998 Fingerhut et al., 1991 , Reggiani, 1980 . Increased risk of pulmonary diseases and cancers were also seen in individuals from the "Yusho Accident" in Japan and/or "Yu-Cheng Accident" in Taiwan, that were exposed to rice oil contaminated by PCBs (ATSDR, 2000; Kikuchi, 1984; Nakanishi and Shigematsu, 1991) .
The National Toxicology Program (NTP) recently conducted 2-year bioassays in female rats to evaluate the chronic pathology and carcinogenicity induced by dioxin, DLCs, structurally-related PCBs, and mixtures of these compounds, including TCDD; 3,3 ,4,4 ,5-pentachlorobiphenyl (PCB126); 2,3,4,7,8-pentachloro-dibenzifyran (PeCDF); and the Toxic Equivalency Factor (TEF) ternary mixture of TCDD, PCB126, and PeCDF (National Toxicology Program, DIOXIN-INDUCED PULMONARY LESIONS IN RATS 881 2004a,b,c,d) . In these studies, there was an increase in the incidence of neoplasms and non-neoplastic lesions in several organs notably the liver, lung and oral mucosa (National Toxicology Program, 2004a,b,c,d; Walker et al., 2005 Walker et al., , 2006 Hailey et al., 2005; Jokinen et al., 2003; Nyska et al., 2004 Nyska et al., , 2005 Tani et al., 2004; Yoshizawa et al., 2005a, b) . This present article, one of a series of works highlighting specific findings from NTP dioxin-TEF-evaluation studies, focuses on a comparative analysis of pulmonary effects across these studies.
MATERIALS AND METHODS These animal studies were done in accordance with the Good Laboratory Practices (Food and Drug Administration 2002) at Battelle Columbus Operations in Columbus, Ohio. For these studies female Sprague-Dawley rats were obtained from Harlan Laboratories, Indianapolis, Indiana. They were approximately 6 weeks of age upon receipt, underwent health screening during a quarantine period of about 2 weeks, and released for study when about 8 weeks old. The animals were randomly assigned to their respective experimental groups and permanently identified by tail tattoo. Rats were housed 5 per cage in solid-bottom polycarbonate cages (Lab Products, Inc. Maywood, NJ) suspended on stainless steel racks. Filtered room air was supplied at the rate of at least 10 room-changes per hour. The rats were maintained at 69-75 degrees F, in a relative humidity of 35-65%, and with a light/dark cycle of 12 hours. Food (irradiated NTP-2000 pellets from Zeigler Bros. Inc., Gardners, PA) and water were provided ad libitum. All rats were observed twice a day for morbidity and once a day for formal clinical signs of toxicity. Moribund animals were sacrificed and necropsied. Health monitoring via sentinel animals showed no evidence of any significant rodent pathogens. Animal husbandry was done in accordance with the National Institutes of Van den Berg et al. (1998) . b 10, 22, 46, 100 ng TEQ/kg (TCDD:PeCDF:PCB126 = 1:2:10). c TEQ: toxic equivalent. d Groups that received the highest doses for 30 weeks followed by vehicle treatment through the termination of the two-year studies.
Health guidelines (Institute of Laboratory Animal Resources, 1996) .
Groups of female Harlan Sprague-Dawley rats were treated by gavage with several doses of TCDD, PCB126, PeCDF, and a ternary mixture of TCDD, PCB126, and PeCDF (TEF Mixture) (Table 1) . The rats were dosed once daily for 5 days per week for up to 2 years. In addition, the studies included a "stop-exposure" group whereby animals were exposed for 30 weeks at the highest dose for each test article, followed by vehicle control until the end of the study. Doses used were based on Toxic Equivalency Factor values selected by the World Health Organization (Van den Berg et al., 1998) (Table 1) .
Dose formulations of TCDD (IIT Research Institute, Chicago, IL), PCB126 (AccuStandard, Inc. New Haven, CT), and PeCDF (Cambridge Isotope Laboratories, Cambridge, MA) were prepared by formulating the test articles in a cornoil vehicle containing 1% USP-grade acetone. Purities of TCDD, PCB126, and PeCDF were determined to be approximately 98%, 99.51%, and 97% respectively. Chemical purity was stable over the course of the studies. Dose formulations were prepared fresh on a monthly basis and the mixture was stable for that period of time.
Moribund rats and all scheduled sacrifice rats were euthanized by using carbon dioxide. All study rats were necropsied according to standard procedures and complete tissue sets, including all gross lesions and masses, were fixed in 10% neutral-buffered formalin. All collected tissues were trimmed after fixation, processed and embedded in paraffin. The tissues were then sectioned at approximately 5 microns thickness, stained with hematoxylin and eosin and examined via light microscopy. The pathology findings underwent the comprehensive NTP peer review and Pathology Working Group review (Boorman, 2002) .
To evaluate the expression of known dioxin-responsive genes, pulmonary CYP1A1-associated 7-ethoxyresorufin-TOXICOLOGIC PATHOLOGY O-deethylase (EROD) activity was analyzed in all dosed groups at 14, 31 and 53 weeks for all studies. EROD data, which have typically skewed distributions, were analyzed using the nonparametric multiple comparison methods of Shirley (1977) , as modified by Williams (1986) and Dunn (1964) .
Dose-response modeling, calculation of the relative potency and statistically based hypothesis testing of same shape dose-response curves, dose additivity for the mixture and suitability of the World Health Organization (WHO) TEFs was carried as described by Toshiba et al. (2004) and Walker et al. (2005) , respectively. The dose-specific incidences of non neoplastic lesions were survival adjusted using the poly-3 adjustment and modeled using a Hill function. Parameters were estimated using maximum likelihood techniques assuming a binomial distribution for the tumor counts. Chisquare-based likelihood ratio tests were used to evaluate all hypotheses. Relative potency factors (RPFs) were calculated and presented under the assumption of the same "Shape" model whereby data from the 4 studies were modeled under conditions where the B 0 , B max and Hill parameters were shared across the studies. Under these conditions the dose responses were parallel across the dose range, so the RPF is calculated as the ratio of the respective test article ED 50 s to that of TCDD. Initially each dataset was modeled with parameters describing the dose response unrestricted, allowing an independent optimal fit for each chemical or mixture. This model was then compared to a model (Same Shape) in which the only parameter that was unique to each compound was the half maximal dose (ED 50 ). By comparing the error associated with the two model fits, we tested the null hypothesis that a common shape model was as good a fit as the optimal independent fit. The second hypothesis to be tested was whether the increased incidence for the mixture for each effect was consistent with a potency adjusted dose additive combination of the individual effects of TCDD, PCB126 and PeCDF. This was achieved by comparison of the additive model to the Same Shape model, for each respective lesion. Finally, we tested the hypothesis that the current WHO TEFs for PCB126 (0.1) and PeCDF (0.5) (Van den Berg et al., 1998) could be used rather than the optimal RPFs. For this test we compared the fits for the WHO model and the additive model.
RESULTS
All individual animal data for these studies can be found on the NTP web site (http://ntp.niehs.nih.gov/go/datasearch) and are summarized in individual technical reports on the evaluation of their carcinogenicity (NTP 2004a, b, c, d) . Vol. 35, No. 07, 2007 DIOXIN-INDUCED PULMONARY LESIONS IN RATS 883 Treatment related lesions of the lung were commonly observed in this series of studies and are presented by study in Table 2 . Bronchiolar metaplasia of the alveolar epithelium (alveolar epithelium, metaplasia, bronchiolar; AEMB) was the most common lesion associated with this series of compounds and the process affected alveolar ducts and alveoli around the terminal bronchioles ( Figure 1 ). The normal epithelium in these areas was replaced by cuboidal and columnar ciliated cells and some Clara cells and alveolar spaces were filled with PAS-positive material, suggestive of mucus ( Figure 2 ). The incidences of bronchiolar metaplasia were increased in almost all chemical-treated groups except 44 ng/kg and lower PeCDF-dosed groups ( Table 2 ). The incidences were higher than the control groups (0-9%); 35, 62, 67, 85, and 88% in all dosed groups treated with TCDD (3, 10, 22, 46, and 100 ng/kg, respectively); 53, 64, 77, 74, 92, and 78% in all dosed groups treated with PCB126 (30, 100, 175, 300, 550, and 1000 ng/kg, respectively); 17, 43, and 54% in 44, 92, and 200 ng/kg dosed groups treated with PeCDF. In the TEF mixture study, the incidence was increased at all dosed groups; 38, 62, 77, and 75% in 10, 22, 46, and 100ngTEQ/kg treated groups. In the Stop-exposure groups the incidences of bronchiolar metaplasia decreased marginally in TCDD and PCB126 studies (62 and 64%, respectively). In contrast, the incidence was markedly decreased in the Stop-exposure group of PeCDF study (14%).
Squamous metaplasia occurred in small to large foci where normal alveolar epithelial structure was changed to a stratified squamous epithelium which often was highly keratinized (Figure 3 ). Alveolar wall structure, in general, was retained and some inflammation was present. Occasionally, squamous metaplasia and bronchiolar metaplasia occurred immediately adjacent to each other. The incidences of squamous metaplasia were increased in higher dosed groups treated with almost all chemicals (Table 2) , compared to the incidences in control groups (0-4%). The incidences were 9 and 12% in 46 and 100 ng/kg treated groups of TCDD, respectively; 6, 18, and 8% in 300, 550, and 1000 ng/kg treated groups of PCB126, respectively; 8 and 6% in 92 and 200 ng/kg treated groups of PeCDF, respectively. In the TEF mixture study, the incidence was also increased to 15% and 21% in 46 and 100 ngTEQ/kg treated groups. In the Stop-exposure groups treated with TCDD, PCB126 and PeCDF, the incidences of squamous metaplasia returned to control levels.
The incidences of alveolar epithelial hyperplasia were interestingly decreased in all treated groups of TCDD and PCB126 studies, compared to control groups (23 to 40%). The decreased incidences of alveolar epithelial hyperplasia were also noted in the 92 ng/kg and greater dosed groups of the PeCDF study and in the 46 ngTEQ/kg and greater dosed groups of he TEF study. In the Stop groups treated with TCDD, PCB126 and PeCDF, the incidences of alveolar epithelial hyperplasia were not recovered to control levels.
Cystic keratinizing epitheliomas varied in size and number (single or multiple) and appeared as cystic structures consisting of a highly irregular wall of highly keratinized stratified squamous epithelium, with a center filled with keratin (Figures 4 and 5) . The cystic keratinizing epithelioma had a thick complex wall with proliferative squamous epithelial outgrowths into surrounding alveolar spaces creating a cob-blestone appearance to the outer perimeter of the mass ( Figure  5 ). There was a lack of orderly transition of maturation of the wall, mitotic figures were sometimes present.
Both types of metaplasia, such as bronchiolar metaplasia and squamous metaplasia of alveolar epithelia seemed not to be associated with progression to neoplasia. Cystic keratinizing epithelioma (CKE) was not noted in control groups of any studies. The single and multiple cystic keratinizing epitheliomas were noted only in higher dosed groups of each study (Table 2) ; 17% in 100 ng/kg TCDD-treated group; 22 and 69% in 550 and 1000 ng/kg PCB126-treated groups, respectively; 2% in 200 ng/kg PeCDF-treated group; 4 and 38% in 46 and 100 ngTEQ/kg treated groups of TEF mixture study, respectively. The cystic keratinizing epitheliomas were not noted in any Stop groups treated with TCDD, PCB126 and PeCDF.
Squamous cell carcinomas demonstrated invasion of the surrounding lung parenchyma, loss of polarity, increased cellular atypia and pleomorphism, and an increased mitotic rate ( Figure 6 ). These squamous cell carcinomas, considered as the malignant counterpart of cystic keratinizing epithelioma, were noted only in the 550 and 1000 ng/kg PCB126treated groups as the incidences of 2% and 4%, respectively ( Table 2) .
All data of pulmonary CYP1A1-associated 7ethoxyresorufin-O-deethylase (EROD) activity at the 53-week interim groups of all compounds studies are summarized in Table 3 . The control levels of pulmonary EROD were 1 to 3 pmol in each study. In contrast, levels of pulmonary EROD were increased much higher to 15-, 45-, 41-, and 27-fold at the magnitude, compared to each control group in the TCDD, PCB126, PeCDF, and TEF mixture studies, respectively. The EROD values of 10 ng/kg and greater TCDD-treated groups, 100 ng/kg and greater PCB126 treated groups, 20 ng/kg and greater PeCDF-treated groups, and all TEF mixture-treated groups showed values of 40 pmol and above.
Dose-response parameters and relative potency factor (RPF) estimates for the induction of non neoplastic effects and pulmonary cytochrome P450 1A1, are shown in Table  4 . Results for CKE from Walker et al. (2005) are shown for comparison purposes to the current analysis. In contrast to CKE, the non-neoplastic responses and P450 1A1 exhibited near linear dose-response, as evidenced by Hill parameters in the range of 0.84-1.4. Of note was the ED 50 for TCDD for the induction of P450 1A1 was similar to that for alveolar epithelial metaplasia-bronchiolar (AEMB) but not for CKE or squamous metaplasia that occurred at much higher doses. Indeed AEMB was the most sensitive (lowest ED 50 ) pulmonary response seen in these 2-year studies. Comparison of the dose response across chemical indicated that for the CYP1A1 and AEMB, but not squamous metaplasia, there were statistically significant differences in the shapes of the dose response between the individual studies. If data were modeled under the assumption of same shape, dose additivity of the mixture was rejected for AEMB and squamous metaplasia and CYP1A1 at 14 weeks.
DISCUSSION
Cystic keratinizing epithelioma (CKE) has been generally perceived as a generic response of the rat lung to 884 WALKER ET AL. TOXICOLOGIC PATHOLOGY FIGURE 1.-Bronchiolar metaplasia of alveolar epithelium is present at the junction of terminal bronchioles ( * ) and alveolar ducts throughout lung. Alveolar type I cells have been replaced by cuboidal to columnar ciliated cells. Scattered among these cells are cells that lack cilia and have a smooth apical surface that protrudes into alveolar duct space. TEF Mixture study, H&E, x20. 2.-Bronchiolar metaplasia of alveolar epithelium. In alveolar lumens abundant Periodic acid-Schiff (PAS)-positive materials, consistent with mucus, can be seen. PCB126 study, PAS staining, X100. 3.-Squamous metaplasia of alveolar epithelium. This lesion is located in small to large foci where the normal alveolar epithelial structure was changed to a stratified squamous epithelium with keratinization. PCB126 study, H&E, X66. Reprinted with permission from Toxicologic Pathology from Sells et al. 2007 . 4.-Cystic keratinizing epithelioma. The mass is located in the lung below the thoracic serosa and has a center filled with keratin. TCDD study, H&E, X5. 5.-Cystic keratinizing epithelioma. Cystic structures consists of a highly irregular wall of highly keratinized stratified squamous epithelium, with a center filled with keratin. The wall has a thick complex proliferation of squamous epithelial outgrowths into surrounding alveolar spaces. PCB126 study, H&E, X33. Reprinted with permission from Toxicologic Pathology from Sells et al. 2007. 6 .-Squamous cell carcinoma. Invasion of the surrounding lung parenchyma (arrows), increased cellular atypia and pleomorphism can be seen. PCB126 study. H&E, X60. instillation or inhalation of particulate materials Rittinghausen et al., 1997) . Pulmonary cystic keratinizing lesions occur in the rat and are observed at a higher incidence in female rats . An international workshop reviewed CKE and proposed a terminology and classification for cystic keratinizing squamous lesions using 18 rat inhalation studies; squamous cell metaplasia (SM), keratinizing cyst, CKE, squamous cell carcinoma (SCC). Additionally, Rittinghausen and coauthors (1997) reclassified SM with marked keratinization, keratinizing cyst, CKE, cystic keratinizing SCC, keratinizing SCC, and non-keratinizing SCC. Using 4 rat inhalation studies, they examined the lesions immunohistochemically for proliferating cell nuclear antigen (PCNA). PCNA staining demonstrated proliferative activity in one or two peripheral cell layers of CKE (and sometimes focally more than two layers), in more than three peripheral cell layers of cystic keratinizing SCC and keratinizing SCC, and in no peripheral cells or a weak reaction of the wall of keratinizing cysts. Generally, CKE has been perceived as occurring at relatively low incidence (up to 20%), rarely before 20 months on study, occuring only at high exposures to inhaled particulates, rarely seen as a spontaneous lesion in rats, and not seen in mice or hamsters (Rittinghausen et al., 1997; Rittinghausen and Kaspareit, 1998) . The uniqueness of the present report is the fact that the pulmonary squamous proliferative lesions developed following oral exposure. In general, squamous metaplasia with some inflammation is increased in higher-dosed groups after inhalation exposure with several chemicals (Lee et al., 1986, Notle et al; . This change is considered a common form of cellular adaptation to injury and tends to be associated with the significant forms of injury (Lee and Henry, 1986; Nolte et al., 1996) . Squamous metaplasia is also a consistent finding in rats fed a vitamin A deficient diet (Alexander and Bancewicz, 1988) . In human SM is also a common reaction to injury, toxins, and vitamin A deprivation (Basbaum and Jany, 1990 ).
In the 2-year feed study by Kociba et al. (1978) , an increased incidence of keratinizing SCC of the lung was observed following exposure to 100 ng/kg TCDD. While no direct comparison has been made between CKE and the keratinizing SCC observed in the Kociba et al. (1978) study, given the keratinizing nature of the CKE it is possible that these represent the same lesions. Indeed neoplastic lesions induced by inhalation exposure to Ti0 2 , were also diagnosed as SCC. These lesions would likely be diagnosed nowadays as CKE (Lee and Henry, 1986) .
While there is clear induction of CKE by PCB126, there have not been any cancer bioassays of individual PCB congeners before these current NTP studies and interestingly there have not been any reports that PCB mixtures induce pulmonary tumors in any rodent carcinogenesis studies. In contrast to the present study, the carcinogenicity study of the high TEQ PCB mixture Aroclor 1254 in SD rats demonstrated no increases in any type of lung tumor (Mayes et al., 1998) . While Aroclor 1254 contains a significant TEQ contribution by coplanar PCBs that have dioxin like activity, this mixture also contains mono-ortho and di-ortho PCBs. Several researchers reported that PCBs (Kanechlor-400) promoted 1nitropyrene-induced lung tumorigenesis in mice (Nakanishi et al., 1999 (Nakanishi et al., , 2001 and PCBs (Aroclor-1254) promoted Nnitrosodimethylamine-induced lung tumorigenesis in mice (Abderson et al., 1994) . It is very notable that the effects of PCBs on human lung carcinogenesis are suggested from the massive PCBs poisoning that occurred in "Yusho accident" and "Yu-Cheng Accident" (ATSDR, 2000; Kikuchi, 1984; Nakanishi and Shigematsu, 1991) whereby individuals consumed PCB contaminated cooking oil. However it is not known what types of tumors were induced in these PCBexposed individuals. 886 WALKER ET AL.
TOXICOLOGIC PATHOLOGY There was a significant increase in the incidences of bronchiolar metaplasia of the alveolar epithelium at all doses at two years in all studies including the stop-exposure groups. These findings are consistent with prior observations of an increase in the incidences of alveolar-bronchiolar metaplasia following exposure to TCDD within the framework of a two stage initiation-promotion model in SD rat lung (Tritscher et al., 2000) . This lesion was induced multi-focally throughout the lung at the junction of the terminal bronchioles and alveolar ducts. The epithelium was cuboidal to columnar, and ciliated in contrast to type II alveolar epithelial cells. Also, scattered throughout the ciliated cells were dome-shaped nonciliated cells, consistent with Clara cells, which are normally found in the lining of the bronchioles, but not alveoli or alveolar ducts. Histochemical analyses of mucin and immunohistochemically for glutathione S-transferase Pi (GSTPi) in lung tissue from our studies indicates that this does appear to be similar to bronchiolar epithelium and is distinct from alveolar epithelial hyperplasia (Brix et al., 2003) .
In TCDD and PCB126 studies, the higher incidences (23 to 26%) of alveolar epithelial hyperplasia were only observed in vehicle control animals. Interestingly, the decreased incidences of alveolar epithelial hyperplasia were noted in all dosed groups of TCDD and PCB126 studies, in higher-dosed groups of PeCDF and TEF studies. Alveolar ducts and alveoli are normally lined by type I alveolar epithelial cells and type II alveolar epithelial cells. Type I cells are very susceptible to damage and the typical response in the lung, subsequent to the damage to the type I cells is a proliferation of the type II cells. In alveolar epithelial hyperplasia, alveoli are lined by alveolar type II epithelium and unlike bronchiolar metaplasia in treated animals, prominent mucus production was not observed. In addition a prominent inflammatory cell infiltrate, consisting of large aggregates of alveolar macrophages commonly mixed with focal aggregates of neutrophils, was usually associated with the affected areas (data not shown). The reduced incidence of this change in TCDD-and DLCs-treated animals might be the secondary effect to the immunosuppressive effect of these compounds, i.e., reducing the extent of the "spontaneous" inflammatory reaction, commonly seen in untreated controls.
The aryl hydrocarbon receptor is a ligand-activated transcription factor that mediates the biological and toxicological effects of TCDD and related DLCs (Poland et al., 1982; Schmidt and Bradfield, 1996; Denison and Nagy, 2003) . It is expressed ubiquitously in human and rodent systemic organs, particularly in the lung, (Dolwick et al., 1993; Yamamoto et al., 2004) . In the rat the AhR is expressed in the bronchiolar Clara cells and cilated cells (Tritscher et al., 2000) . That most organs with AhR expression are thought to be more susceptible to TCDD-induced toxicity is evidenced by AhR-deficient mice that are resistant to some kinds of TCDD-induced toxicity (Fernandez-Salguero et al., 1996; Gonzalez and Fernandez-Salguero, 1998) . The most wellstudied response to TCDD is induction of the CYP1 class of cytochrome P450 (Denison and Nagy, 2003; Schmidt and Bradfield, 1996) regulated by the AhR (Nebert et al., 2004; Vrzal et al., 2004) . CYP1A1 is also known to be inducible in the lung by TCDD in several species (Beebe et al., 1990) . This was confirmed in our TCDD, PCB126, PeCDF, and TEF mixture studies by the observed increase in lung CYP1A1 associ-ated EROD activities. The induction of CYP1A1 by TCDD is observable in Clara cells and bronchiolar cells, and to a lesser degree in type II alveolar epithelial cells (Tritscher et al., 2000) , indicating that the bronchiolar epithelium is clearly responsive to AhR ligands and suggesting the potential for a direct effect of TCDD on the lung. In vitro studies of normal human lung epithelial cells (mixed Type II, Clara cell type) also demonstrate the altered expression by TCDD of genes involved in numerous cell signaling pathways, indicative of altered retinoid signaling and altered cytokine signaling pathways (Martinez et al., 2002) .
A possible mechanism for the action of TCDD and other DLCs on the lung, especially induction of CKE, may be an indirect effect due to the disruption of retinoid homeostasis in the liver by these compounds. It is known that in rodents, mobilization of retinoid stores by TCDD and DLCs leads to a disruption in retinoid homeostasis and vitamin A deficiency (Van Birgelen et al., 1994 Fattore et al., 2000; Schmidt et al., 2003) , especially in the liver and lung (Fiorella et al., 1995; Fletcher et al., 2001; Hakansson et al., 1991) . Microsomes from several tissues of rats 3 days after a single exposure to TCDD, exhibited increased rates of retinoic acid metabolism with the degree of induction following the order: liver > lung = kidney = testis (Fiorella et al., 1995) . Hepatic and pulmonary vitamin A is reduced in rats following dietary exposure to TCDD and PCB126 for 13 weeks (Hakansson et al., 1994) . A characteristic of retinoid deficiency is abnormal epithelial differentiation to a keratinized squamous phenotype (Lancillotti et al., 1992; Lotan, 1994) . The action of DLC may, therefore, be a disruption of retinoid action leading to altered growth and differentiation of the lung epithelium resulting in squamous metaplasia and CKE. Of note was that in our studies, TCDD, PCB126, PeCDF, and TEF mixture affected the epithelial differentiation to squamous type; the induction of gingival squamous cell hyperplasia and/or SCC, endometrial squamous metaplasia and/or SCC, and squamous hyperplasia in forestomach (NTP 2004a, b, c, d; Yoshizawa et al., 2005) .
Carbon black, TiO2, and diesel engine exhaust induce benign cystic keratinizing squamous cell tumors in rat inhalation studies (Lee et al., 1986; Mohr et al., 1986; Rausch et al., 2004) . Rausch and coauthors (2004) concluded that this species-specific response (tumor formation and cystic lesions) by the rat to carbon black strongly suggests that the results of the rat inhalation bioassay should not be considered directly relevant when assessing human risk, as these lesions were not seen in any other animal studies and in humans, lung tumors in humans are primarily located in the bronchial airways, while in the rat they occur in the parenchyma and are alveolar in origin. If the only evidence of tumorigenicity is the presence of CKE, it may not have relevance to human safety evaluation of chemicals . In our studies there was an increase in both CKE and SCC. Additionally, TCDD is also a tumor promoter in the rodent lungs of male Swiss mice and female SD rats initiated with nitrosodimethylamine (Beebe et al., 1995; Tritscher et al., 2000) . In humans, exposures to high levels of TCDD and DLCs are associated with chronic obstructive pulmonary disease and lung cancer (ATSDR, 2000; Fingerhut et al., 1991; Kikuchi, 1984; Nakanishi and Shigematsu, 1991; Zober et al., 1994 Zober et al., , 1997 Zober et al., /1998 Reggiani, 1980) . Therefore, this might suggest that the evidence of pulmonary carcinogenicity of TCDD and DLCs in our NTP studies has relevance to human lung tumor risk of these chemicals.
In conclusion, the exposure to TCDD, PCB126, PeCDF, and the TEF mixture of TCDD, PCB126 and PeCDF for 2 years in rats induced pulmonary lesions, such as bronchiolar metaplasia of the alveolar epithelium, squamous metaplasia of the alveolar epithelium, cystic keratinizing epithelioma, and/or squamous cell carcinoma, probably via CYP1A1 induction in pulmonary epithelial cells and/or via pulmonary retinoid deficiency resulting in abnormal epithelial differentiation. Further research analyzing the mechanism of action and focusing on molecular function could enhance our understanding of the pathogenesis, and provide insight into the risk assessment to humans of dioxin and DLC-induced pulmonary carcinogenesis.
